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ABSTRACT 

The X-ray transient, 4U 1730-22, has not been detected in outburst since 1972, when a single ^200 day 
outburst was detected by the Uhuru satellite. This neutron star or black hole X-ray binary is presumably in 
quiescence now, and here, we report on X-ray and optical observations of the 4U 1730-22 field designed to 
identify the system's quiescent counterpart. Using the Chandra X-ray Observatory, we have found a very likely 
counterpart. The candidate counterpart, CXOU J173357. 5-220156, is close to the center of the Uhuru error 
region and has a thermal spectrum. The 0.3-8 keV spectrum is well-described by a neutron star atmosphere 
model with an effective temperature of 1 3 1 ± 2 1 e V. For a neutron star with a 1 km radius, the implied source 
distance is 10^ 2 kpc, and the X-ray luminosity is 1 .9 x 10 33 (d/10 kpc) 2 ergs s" 1 . Accretion from a companion 
star is likely required to maintain the temperature of this neutron star, which would imply that it is an X-ray 
binary and therefore, almost certainly the 4U 1730-22 counterpart. We do not detect an optical source at the 
position of the Chandra source down to R > 22.1, and this is consistent with the system being a Low-Mass 
X-ray Binary at a distance greater than a few kpc. If our identification is correct, 4U 1730-22 is one of the 
5 most luminous of the 20 neutron star transients that have quiescent X-ray luminosity measurements. We 
discuss the results in the context of neutron star cooling and the comparison between neutron stars and black 
holes in quiescence. 

Subject headings: accretion, accretion disks — stars: neutron — stars: individual (4U 1730-22) — X-rays: 
stars — X-rays: general 



1. INTRODUCTION 



Uh uru, the first X-ray astronomy satellite dGiacconi et al.1 
was launched in 1970 and carried out an all-sky survey 
(For man et al.ll 1978b . Although the 339 X-ray sources it de- 
tected are bright by today's standards, and most of them have 
been well-studied, some of the transient sources have not been 
studied by subsequent X-ray satellites. Here, we focus on one 
such transient, 4U 1730-22, that was discovered by Uhuru in 
1972 when it entered in t o an X-ray outburst lasting ~2 00 days 
(ICominsky et all 119781: IChen. Shrader & Livid 1 19971) . The 
outburst behavior and X-ray spectrum measured by Uhuru 
showe d all of the signs that t he s ource is an X-ray bi- 
nary. iTanaka & S hibazakii (1 19961) and lChen. Shrader & Livid 
(1997) both classify this system as a probable neutron star 
system, presumably based on the Uhuru X-ray spectrum, but 
there is no information from type I X-ray bursts, pulsations, 
or a compact object mass measurement to indicate whether 
the system contains a neutron star or a black hole. 

In quiescence, neutron star and black hole soft X-ray tran- 
sients (SXTs), which are normally Low-Mass X-ray Binaries 
(LMXBs), typically have X-ray luminosities in the 10 30 to 
10 34 ergs s" 1 range. Although these are faint sources, ob- 
servations with the Chandra X-ray Observatory are able to 
probe much of this range for Galactic sources at distances out 
to ~10-15 kpc. Here, we report on the results of Chandra 
and optical observations covering the Uhuru error region for 
4U 1730-22. One reason for choosing this source is that its 
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location (Z = 4.5°, b = +5.9°) and its outburst X-ray spectrum 
suggest that it is not highly absorbed, making it more likely to 
be detected in the X-ray band and easier to study in the X-ray 
and optical. 

The purpose of this work is both to learn more about 
4U 1730-22 as well as about neutron stars and black holes 
in quiescence. Observations of these sources in quiescence 
provide some of the best opportunities to probe the proper- 
ties of the compact objects themselves. For most neutron star 
transients, a thermal component with a temperature of ~0. 1 
keV is present in the X-ray spectrum, and it is thought that 
this emissi on is coming directly from the surface of the neu- 
tron star dCampana et all 1 19981: iBrown. Bildsten & Rutledpiel 
I1998L lRutledgeetalJll999t) . This provides an opportunity to 
study the short time scale (years) cooling of the n eutron star 
crust dRutledge etal J 120021: IWiinands etai1l2005l) as well as 
probing the core temperature, which changes on a time scale 
of millennia (IColpi et alJ2001l) . If 4U 1730-22 harbors a neu- 
tron star, we expect that the core temperature will set its X-ray 
emission properties as it has not had an outburst (as far as we 
know) for 34 years. For black holes, the lack of a thermal 
component as well as the fact that, on average, quiescent black 
holes tend to be fainter than neutron stars have been taken 
as possible evidence for the existence of black hole event 
horiz ons (Nara van. Garcia & McClintocklll997t iGarcia et alj 
120011: iMcClintock, Naravan & Rvbickill2004l) . Recent obser- 
vations of some very faint neutron star sy s tems dTomsick et all 
120041 iTomsick. Gelino & Kaaretl 120051: Uonker et all I2006T) 
make it important to obtain X-ray measurements for more qui- 
escent SXTs. 

2. ANALYSIS AND RESULTS 

2.1. Chandra Reduction and Source Detection 

We observed the 4U 1730-22 field in the X-ray band with 
Chandra on 2004 May 1 1 (ObsID 4583), obtaining an ex- 
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posure time of 39.8 ks. We used the Advanc ed CCD Imag- 
ing Spectrometer (ACIS, Garmire et al. 2003) with the target 
position placed on the ACIS-S3 chip. To obtain the lowest 
possible background, the observation was performed with the 
ACIS in "VFAINT" readout mode, which provides the max- 
imum amount of information per event. To prepare the data 
for our analysis, we started with the "level 1 " event list, which 
was produced using standard processing with ASCDS version 
7.6.7.2. We further processed the data using the Chandra 
Interactive Analysis of Observations (CIAO) version 3.3.0.1 
software and the Calibration Data Base (CALDB) version 
3.2.3. A portion of the image from the resulting "level 2" 
event list is shown in Figure Q] 

After inspecting the full ACIS field-of-view (six 8'- 
by-8' chips), we u sed the CIAO routine wavdetect 
dFreeman et al.1 12002b to search for potential 4U 1730-22 
counterparts in or near the Uhuru position for this source. For 
the search, we restricted the event list energy range to 0.3-8 
keV and the region to 6' in the North-South direction and 8' in 
the East- West direction. The search reg ion is centered on the 
best Uhuru position for4U 1730-22 ( Forma rTet al J 1 978b and 
includes a region considerably larger than the 90% confidence 
error region for 4U 1730-22, which is shown in Figure Q] 
When running wavdetect, we used a detection threshold 
of 1.4 x 10~ 6 so that we expect that ~1 source that we detect 
in the 8'-by-6' region will be spurious. 

Upon running wavdetect, we find 35 sources in the full 
8'-by-6' region, and these are marked with circles in FigureQ] 
In Table [U the sources are listed along with their positions in 
order of their brightness (the number of counts per source esti- 
mated by wavdetect . The brightest source detected (source 
1, CXOU J173357.5-220156) has 545 counts and is also the 
closest source to the best Uhuru position, being only 0'.36 
away. The next brightest source (source 2, CXOU J173358.1- 
220101) is considerably fainter with 88 counts, and it is 1'. 17 
from the best Uhuru position. Of the 35 sources, 8 of them 
lie within the 90% confidence Uhuru error region and 5 more 
lie within 30" of the error region. Thus, there are 13 sources 
that should be considered as possible 4U 1730-22 counter- 
parts based on their positions. However, we will only be able 
to obtain further X-ray information for sources 1 and 2 as we 
only detected between 4 and 12 counts per source for the other 
11 sources. The following sub-section describes the X-ray 
spectral and timing analysis for the two brightest sources. 

2.2. Chandra Spectral and Timing Results for the Two 
Brightest Sources 

We extracted spectra for the two brightest sources in the 
4U 1730-22 field described above. In both cases, we ex- 
tracted counts from a 5" radius circle centered on the source 
position determined by wavdetect (see Table Q]). We also 
extracted background spectra from an annulus centered on the 
source position with inner radius of 10" and an outer radius of 
50". We used the CIAO routine psextract to produce the 
spectra as well as the response matrices. For the two sources, 
we collected 566 and 95 counts (in the 0.3-8 keV band), re- 
spectively, and, in each case, we estimate background levels 
of between 6 and 7 counts. We binned the spectra so that the 
source 1 spectrum has an average of 3 1 counts per bin and the 
source 2 spectrum has an average of 12 counts per bin. 

The energy spectra for the two sources are shown in Fig- 
ures |2] and [3] and we used the XSPEC version 11.3.2o soft- 
ware package to perform model fitting. We began by us- 
ing single component models, including power-law, black- 




FIG. 1 .— The 0.3-8 keV ACIS image of the 4U 1730-22 field from a 39.8 
ks Chandra observation. For scale, the N and E arrows are 30" in length, and 
the full 6'-by-8' region searched for sources is shown. The parallelogram 
shows the 90% confidence Uhuru error region for 4U 1730-22, and the cross 
is the best Uhuru position. The 35 detected Chandra sources are marked with 
circles, and sources 1 and 2 (described in the text) are labeled. 



body, and bremsstrahlung models. In each case, we accounted 
for interstellar absorptio n, using the photo-electric absorp- 
tion c ross sections from Balucins ka-Church & McCa mmon 
d 1 992]) and elemental abundances from Anders & Grevesse 
(1989), and we left the column density (YVh) as a free pa- 
rameter. For source 1, we obtained good fits for all 3 mod- 
els with values of \ 2 between 10 and 13 for 15 degrees of 
freedom. The power-law necessary to fit the spectrum is 
extremely steep with a photon index of T = 5.4^Jg (all er- 
rors are 90% confidence unless specified otherwise), and this 
likely indicates that the emission has a thermal origin. The 
blackbody and bremsstrahlung temperatures are 0.27 ± 0.02 
and keV, respectively. Of the 3 models, only the 

blackbody model results in a column density YVh = (2.6 ± 

0. 7) x 10 21 cm" 2 that is consistent with the value of 3 x 10 21 
cm" 2 measured along this line-of-sight through the Galaxy 
dDickev & Lockmanlll990l) . We obtain column densities of 
(8.6+\j) x 10 21 and (4.9^) x 10 21 cm" 2 for the power-law 
and bremsstrahlung models, respectively. 

Using the blackbody model fit to the source 1 spectrum, 
we estimate that the 0.3-8 keV absorbed flux is 4.9 x 10" 14 
ergs cm" 2 s" 1 , while the unabsorbed flux is 9.8 x 10~ 14 
ergs cm s . The logYV-logS curve from lVirani etail (|2006) 
allows us to estimate how li kely it is to find a so urce as bright 
as source 1 by chance. As Viran i et al.l d2006l) compile the 
logvV-logS using Chandra data from an observation well out 
of the Galactic plane (b ~ -54°), their source population is 
dominated by Active Galactic Nuclei (AGN). In addition, the 
high Galactic latitude used for their study means that it is ap- 
propriate for us to consider the unabsorbed flux for source 

1, which is 8.1 x 10~ 14 ergs cm" 2 s" 1 in the 0.5-2 keV en- 
ergy band. At this flux level, the AGN source density is near 
5 sources per square degree. Considering the 9.4 square ar- 
cminute size of the 4U 1730-22 Uhuru error circle, approxi- 
mately 0.01 AGN as bright as source 1 are expected to be de- 
tected by chance. In addition to the low probability of finding 
an AGN at this flux level, the spectr al shape of source 1 would 
be extremely ususual for an AGN ( Tozzi et aLll2006l) . and we 
conclude that it is very unlikely that source 1 is an AGN. In 
addition, it is unlikely that source 1 is due to coronal emission 
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FIG. 2. — The Chandra! ACIS spectrum for source 1. The top panel shows 
the counts spectrum fitted with a neutron star atmosphere (NSA) model (dot- 
ted line), and the bottom panel shows the residuals for this fit. 
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FIG. 3. — Chandra/ACIS spectrum for source 2. The top panel shows 
the counts spectrum fitted with a two-component NSA plus power-law model 
(dotted line), and the bottom panel shows the residuals for this fit. 



from a nearby, active star. Although the bremsstrahlung tem- 
perature derived from the spectral fits is consistent with such 
a hyp othesis, one would a lso expect to see strong emission 
lines dCanizares et al.ll2000l) . which are not present. 

The steep spectrum (T ~ 5) described above for source 
1 could be produced by a quiescent neutron star system, 
but it would b e unprecedented for a black hole transient 
in qu iescence dKong et al.1 120021: ICorbel. fb msick & Kaaret 
2006). Thus, we refitted the spectrum with a neu- 
tron star atmosphere (NSA) model, which is the spec- 
trum for thermal emission from the hydrogen atmo- 



sphere of a neutron star ( 


Pavlov. Shibanov & Zavlinl 1199 It 
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19961). For the NSA fit, we as- 



sume a weakly magnetized (B < 10 s - 10 9 G) neutron star with 
a canonical radius and mass of 10 km and 1.4M Q , respec- 
tively. Fitting the spectrum yields an effective temperature of 
(1.51 ±0.24) x 10 6 K, corresponding to kT eB = 131 ±21 eV. 



Such a temperature is in-line with the range of values that 
have been seen for neu t ron star soft X-ray SXTs in quiescence 
dRutledge etal.1 119991: IWiinands et all l2004t iTomsick et ail 
12004 . The normalization for the NSA model is directly re- 
lated to the source distance (d), and in this case, the value 
given in Table [2] implies d = 10*\ 2 kpc (90% confidence). Al- 
though this is a large range of possible values, the values are 
consistent with what is expected for a Galactic X-ray binary. 
Finally, some quies cent neutron star systems require two - 
component models (Rutledge et al.lll999tlJonker et al.ll2004l) : 
however, fitting the source 1 spectrum with the combination 
of NSA and power-law models does not lead to a significant 
improvement in the quality of the fit (see Table|2]i. 

Although the quality of the source 2 spectrum is signifi- 
cantly lower than for source 1, we used the same approach 
in fitting the source 2 spectrum. All three of the simple one- 
component models provide relatively poor fits with power- 
law, blackbody, and bremsstrahlung models yielding x 2 val- 
ues of 12, 20, and 14, respectively, for 5 degrees of freedom. 
When using the power-law model, the measured photon index 
is r = 2.1^y9, indicating that source 2 is significantly harder 
than source 1. The fact that the spectrum is quite hard ex- 
plains why a blackbody provides an even worse fit than the 
power-law model. Using the power-law model with Nh fixed 
to the Galactic value, we infer an unabsorbed 0.5-2 keV flux 
of 6.0 x 10" 15 ergs cm" 2 s" 1 . At this flu x, the AGN densit y 
is close to 100 sources per square degree dVirani et alJ l2006). 
implying that one would expect ~0.3 AGN at this flux level 
within the Uhuru error region. Given the lower flux of source 
2 and the fact that its spectrum is similar to that of AGN, the 
X-ray information allows for the possibility that source 2 is 
an AGN. 

To allow for a direct comparison between sources 1 and 2, 
we have also fitted the source 2 spectrum with the NSA and 
NSA plus power-law models, and the results are given in Ta- 
ble [2] As for the blackbody model, an NSA fit to the source 
2 spectrum is poor. In addition, the lower limit on the source 
distance of d > 183 kpc that is implied by the NSA fit is not 
consistent with a Galactic source, and the lower limit on the 
temperature of kT > 432 eV implies a temperature above that 
expected for a quiescent neutron star. With the power-law plus 
NSA model, the quality of the fit improves to x 1 l v = 4.7/3. 
The parameters with this model are not well-constrained, and 
the error regions would allow for reasonable NSA parame- 
ters. However, the best fit column density of 2.2 x 10 22 cm" 2 
is higher than we expect for the 4U 1730-22 counterpart. 
Even if the source distance is fixed to a reasonable distance 
of 10 kpc, we find Nh > 1 x 10 22 cm" 2 . This may indicate 
that the power-law plus NSA model is not the correct model 
of this spectrum, but the quality of the spectrum precludes a 
definite conclusion to this question. 

We extracted light curves for the two sources to determine if 
either of them show evidence for variability. While the statis- 
tics do not allow for a detailed timing study, there is some 
probability that we would see an eclipse for a binary sys- 
tem. However, inspection of the 0.3-8 keV light curves with 
2,000 s time bins does not show any clearly significant vari- 
ability. For source 1 , the mean number of counts per 2000 s 
bin is 28 and the minimum is 19, so there is no evidence for 
an eclipse. We also tested for variability by comparing the 
times that X-ray events were detected over the 40 ks observa- 
tion to a distribution with the same number of events spread 
evenly throughout the observation and using a Kolmogorov- 
Smirnov (KS) test. With this method, we find possible evi- 
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dence that source 1 is variable, but the detection of variability 
is not highly significant, with an 1 1 % chance that it is spuri- 
ous. There is no evidence for variability from source 2. 

2.3. Optical Observations 

We obtained optical images of the 4U 1730-22 field with 
the 4 meter telescope at Cerro Tololo Inter-American Obser- 
vatory (CTIO) on 2003 March 12. Starting at 8.14 hours UT, 
we obtained exposures with durations of 30, 60, 300, and 600 
seconds with the Mosaic II CCD imager and the Harris R- 
band filter. The Harris /?-band filter is much more similar 
to a Johnson R -band filter than Cousins-Kron R -band filter. 
The conditions during the observations were relatively good, 
with sub-arcsecond seeing. We used the Image Reduction and 
Analysis Facility (IRAF) software to reduce the images, ap- 
plying bias subtraction and flat-fielding the images. Due to the 
combination of relatively low extinction but proximity to the 
Galactic Center, the field is very crowded, and we had to be 
careful when registering the images. To perform the position 
registration, we identified 16 stars that are in the USNO-B1.0 
catalog with brightnesses between R = 14 and 18. It is critical 
to use relatively bright stars to be sure that source confusion is 
avoided. Using these 16 stars, we registered the images using 
IRAF and, based on comparisons between USNO positions 
and the positions we obtain after registering the images (see 
Figure 0J, the registration is good to 0".4. 

For magnitude calibratio n, we obtaine d exposures of the 
Landolt field PG 1323-086 dLandoltl 19921) . At 9.52 hours and 
9.70 hours UT, two 3 second 7?-band exposures were taken. 
Aperture photometry with IRAF indicates that the count rates 
for these two exposures were the same to within 0.6%, consis- 
tent with photometric conditions at this time. However, aper- 
ture photometry on several sources in the four 4U 1730-22 
exposures indicates count rate changes by ^6% between the 
brightest and faintest exposures even though the air mass only 
changes between 1.20 and 1.29 during the observations. This 
suggests that the conditions were not completely photomet- 
ric during the 4U 1730-22 exposures, but the 6% change only 
corresponds to a change in /^-magnitude of ^0.1, which is not 
a major concern for our purposes. To calibrate the 4U 1730- 
22 field, we used the Landolt count rates and the 30 second 
4U 1730-22 exposure for which the highest count rates were 
seen. 

Figure |4] shows the /?-band image for all four of our ex- 
posures combined (990 seconds) along with the positions of 
the Chandra sources in the 4U 1730-22 field. We inspected 
the /?-band image in the regions near the 13 X-ray sources that 
are in or close to the Uhuru error region. Given that the uncer- 
tainty in the optical position registration is 0".4, and the Chan- 
dra pointing uncertainty is 0".6, the optical and X-ray posi- 
tions must be within ^0".7 for a convincing identification. Of 
the 13 X-ray sources, 5 of them meet this criterion with dif- 
ferences between X-ray and optical positions between 0".20 
and 0".58. These sources are marked in Figure|4j and their R- 
band magnitudes and the separations between their X-ray and 
optical positions are given in Table Q] All of the sources with 
optical counterparts are weak X-ray sources with between 5 
and 1 1 ACIS counts. In the optical, two of the sources are 
relatively bright with /?-band magnitudes of 16.7 ±0.1 and 
18.9 ± 0.1, and R ~ 21.5 ± 0.5 for the other three. 

We did not detect optical counterparts for either of the 
bright X-ray sources (sources 1 and 2 above). In fact, in both 
cases, the nearest optical source is 2" from the X-ray position, 
so that the nearest optical sources are clearly not associated 




FIG. 4. — The fi-band image of the 4U 1730-22 field from observations 
with the CTIO 4 meter telescope and the Mosaic II CCD imager. The image 
is the combination of 4 exposures with a total of 990 seconds of exposure 
time. For scale, the N and E arrows are 20" in length. The parallelogram is 
the Uhuru error region for 4U 1730-22. The squares mark the optical sources 
that we used to register the image. The circles mark the locations of Chandra 
sources, and Chandra sources with likely optical identifications (see TablefT} 
are marked with 2 circles. 



with the X-ray sources. Thus, it is important to derive the 
limiting magnitude for the /?-band image. All previous aper- 
ture photometry was performed using apertures with 4 pixel 
(1".08) radii; thus, we consider an aperture with the same size. 
The sky count rate is ^340 counts per pixel, giving a back- 
ground level of ^17,000 counts per aperture. To obtain a de- 
tection with signal-to-noise ratio of 5 requires a source with 
650 counts, and, using the magnitude calibration described 
above, the limiting magnitude is R = 22.1. 

3. DISCUSSION 
3.1. The 4U 1730-22 Counterpart 

Based on the X-ray properties of source 1 presented above, 
a relatively strong case can be made that it is the 4U 1730- 
22 counterpart. The strongest evidence comes from the X- 
ray spectrum, which is consistent with a thermal spectrum 
(with interstellar absorption) from a standard-sized (10 km 
radius) neutron star at a distance of ^10 kpc. While it is 
worth considering the possibility that the source is an iso- 
lated neutron star, especially given its faintness in the opti- 
cal, the relatively high thermal temperature, kT^ =131 eV, 
would indicate a very yo ung neutron star (< 10,000 years) 
dYakovlev & Pet hick 2004). This is unlikely given that there 
is no evidence for a supernova remnant or extended emis- 
sion of any kind in the X-ray or optical. On the other 
hand, a temperature of 131 eV is in the range of values typi- 
cally seen for quiescent neutron star transien ts (Rutled ge et alj 
Il999t IWijnands et alJl2004t iTomsick et alJl2004l) as the neu- 
tron star temperatures in such sy stems are kept relatively high 
due to the intermittent accretion dBrown. Bildsten & Rutledea 
1998). Of course, the other reason to suspect that source 1 is 
the 4U 1730-22 counterpart is that it lies very close to the 
center of the Uhuru error region. 

We have also considered the possibility that source 2 might 
be the 4U 1730-22 counterpart. The fact that the source is 
much harder than source 1 indicates that it does not have a 
purely thermal spectrum, but this does not rule out the possi- 
bility that the source is a quiescent neutron star or black hole 
transient. The spectra of quiescent neutron star transients can 
be purel y thermal, purely n on-thermal, or require both com- 
ponents dJonker et al.ll2004l) . For source 2, the problem with 
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the first 2 models is that they give poor fits with x 2 = 3.3 for 
the NSA model and xt = 2.5 for the power-law model. Al- 
though the power-law plus NSA model provides a better fit 
(xt = 1 -6), as discussed above, the value of A^h is somewhat 
higher than one would expect for this line of sight. Consider- 
ing the black hole possibility, it is worth noting that the power- 
law photon index we measure for source 2, V ~ 2, is typi- 
cal of black hole transients in quiescence. However, in other 
Chandra observations of such systems, a p ower-law typicall y 
gives a formally acceptable fit x\ ~ 1 ( e -g-^ Kong et al.l2002l) . 
Overall, although there are some reasons to think that source 
2 is not a neutron star or black hole transient, a better spec- 
trum is necessary to reach a definite conclusion. Probably 
the strongest argument against source 2 being the quiescent 
counterpart to 4U 1730-22 is that source 1, with its distinc- 
tive thermal spectrum and its position close to the center of 
the Uhuru error region, is such a good candidate. 

3.2. Possible Spectral Types and Distance Estimate 

As described above, the X-ray spectrum of source 1 is con- 
sistent with a quiescent neutron star with a 10 km radius at 
a distance of 10^ 2 kpc, and we can check on whether the 
optical non-detection is consistent with the source being an 
LMXB. Most neutron star SXTs have comp anions with K- 
type main sequence compa nions (K3V-K7V) (ICharles & Cod 
l2006t [Chevalie r et al.ll 19990 . Even when these sources are in 
quiescence, as muc h as half of the optical light can come from 
the accretion disk (Tom sick et al.l 120021; iTorres et~aT] l2002h . 
Thus, in placing limits on the source distance, we consider a 
range of spectral types from MOV to K0V and disk light frac- 
tions up to / = 0.5. We estimate the optical extinction using 
the measured X-ray column de nsity of Nh = 3.7 x 10 21 c m -2 , 
which co rresponds to A v = 2 1 dPredehl & Schmittll 1995b and 
A R = 1.6 (ICardelli. Clavton & Mathislll989l) . For a K0V star, 
the absolut e optical magnitudes are My = 5.9 and Mr = 5.3 
dCoxll2000b . Thus, considering that R > 22.1 for source 1, a 
KOV-type companion implies lower limits on the source dis- 
tance of d > 11.0 kpc for/ = and d > 15.1 kpc for/ = 0.5. 
On the other end of the range, a MOV-type companion with 
Mr = 1.1 allows for a distance as low as d > 3.6 kpc for / = 
and d > 5.0 kpc for / = 0.5. Thus, the optical non-detection 
allows for the full range of companion spectral types we ex- 
pect for a neutron star SXT but suggests that the source is 
at a distance larger than a few kpc, which is consistent with 
the lower limit of 6 kpc implied by the NSA fit to the X-ray 
spectrum. 

Given that the optical information will only provide us with 
lower limits to the source 1 distance, we consider the best 
estimate of the distance to be the 10 kpc from the NSA fit 
to the X-ray spectrum. Such a distance may very well be 
consistent with the possibility that source 1 is the 4U 1730- 
22 counterpart as the outburst from this source was consid- 
erably fainter than what has been seen from other neutron 
star S XTs (Cen X-4, 4U 1608-522 and Aql X-l). Accord- 
ing to IChen. Shrader & Livid (1 19971) . the peak 4U 1730-22 
X-ray flux during its 1972 outburst was 0.12 Crab, compared 
to 29.6 and 4 Crab for 2 outbursts from Cen X-4 and a median 
peak flux of 0.74 Crab for 24 outbursts from 4U 1608-522 and 
Aql X-l. Distance estimates for Cen X-4, 4U 1608-522, and 
Aql X -l are 1.2, 3.6, and 5 kpc, respectively ( Tomsic k et al.l 
2004, and refer ences therein). Although this is only based 
on one outburst from 4U 1730-22, it could indicate that the 
source is a factor 2-3 times farther away than 4U 1608-522 
and Aql X-l, which is in-line with a distance of 10 kpc. 



Furthermore, this would imply a peak X-ray luminosity for 
4U 1730-22 of 3 x 10 37 (d/10 kpc) 2 ergs s" 1 , which is typical 
of neutron star SXTs. 

3.3. Neutron Star SXTs in Quiescence 

It is also interesting to look at how our result for source 1, 
which we will henceforth call 4U 1730-22 as it appears that 
the association is quite likely, fits into the larger body of work 
on quiescent neutron star and black hole SXTs. One important 
question concerns the significance of the difference between 
neutron star and black hole luminosities. Early observations 
based on a handful of sources suggested that black holes were 
much less lumino us dNaravan. Garcia & McClintockl 1 19971 : 
iGarcia et al.l 1200 lb . but recent observations have shown that 
there is significant overlap between the two distr ibutions 
dTomsick, Gelino & Kaaretll2005t Honker et al.l 120061) . Based 
on the NSA fit to the 4U 1730-22 spectrum, we find an unab- 
solved 0.3-8 keV flux of 1 .6 x 10 ergs cm -2 s -1 , which cor- 
responds to a luminosity of L = 1 .9 x 10 33 (d/10 kpc) 2 ergs s" 1 . 
Assuming a distance of 10 kpc and a neutron star mass of 
1.4M Q , this corresponds to an Eddington-scaled luminosity 
of L/L Edd = 1.0 x 10" 5 , which is a factor of ^6 higher than 
the med ian value for the 19 neutron s tar sy stems shown in Fig- 
ure 5 of Tomsi ck. Gelino & Ka aret (2005). Out of the group 
of 20 neutron star systems, there is only one (EXO 0748- 
676) with a higher luminosity, and 3 others (4U 1608-522, 
EXO 1745-248, and XTE J1709-267) with comparable lu- 
minosities, so that 4U 1730-22 has one of the 5 highest qui- 
escent X-ray luminosities (assuming a distance of 10 kpc). 

As mentioned above, many of the neutron star SXTs show 
both thermal and non-thermal components in their X-ray 
spectra, but the origin of the non- thermal power-law com- 
ponent is uncertain. In Figure 5 of iJonker et alj d2004l) . it is 
shown that the spectra tend to be more highly dominated by 
the power-law flux both below and above L ~ 10 33 ergs s" 1 , 
but that the spectra measured when the luminosities are close 
to this range are dominated by the thermal component. The 
power-law on the higher luminosity side is thought to be due 
to residual accretion, so the fact that 4U 1730-22 does not 
show a power-law may indicate that there is, at most, a low 
level of residual accretion. Although it is unclear what causes 
the power-law on the lower luminosity side, it may be that all 
systems have weak power-law emission that is only detectable 
for the systems with the coolest neutron stars. 

Given that 4U 1730-22 has not been seen in outburst since 
the 1970s, one could ask why the source would have one of 
the hotter (and thus more luminous) quiescent neutron stars. 
Although the cooling time scale for the neutron star crust is 
on the order o f years, the ther mal time scale of the core is 
~ 10,000 years dCorpietal.120011) . so a high quiescent temper- 
ature could simply indicate a higher level of activity over the 
last 10 millennia. One hint that this might be the case is that 
the 1972 outburst from 4U 1730-22 lasted for t oth ~ 230 days, 
which is a factor of a few longer than is typica lly seen for neu- 
tron star SXTs dChen. Shrader & Liviolll997l). Based o n the 
theoretical work of Brown, Bildst en & Rutledgd (11998b . the 
expression f rec = (f o tb/130)(f o tb/^ q ), can be used to estimate 
the outburst recurrence time (f rec ) necessary to obtain the ra- 
tio of mean outburst flux (F ot b) to quiescent flux (Fq). Using 
? ot b = 230 days, F ot b = 10~ 9 ergs cm" 2 s" 1 and the value of F q 
given above, we estimate an recurrence time of ~30 years. As 
outbursts from SXTs are not strictly periodic, this is consis- 
tent with the observed behavior to date, but it is also possible 
that the source had a higher level of activity in the past. 
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4. SUMMARY AND CONCLUSIONS 

We have used Chandra and optical observations of the field 
of the Uhuru X-ray binary 4U 1730-22 to search for counter- 
parts to this past X-ray transient. Our analysis of the Chan- 
dra data indicates that we very likely have discovered the qui- 
escent 4U 1730-22 X-ray counterpart. The brightest X-ray 
source in or near the Uhuru error region (CXOU J173357.5- 
220156) has a purely thermal spectrum with an effective tem- 
perature of 1 3 1 ± 2 1 e V, consistent with being a 1 km radius 
neutron star at a distance of 10^ 2 kpc. Such a temperature re- 
quires that the neutron star is very young (< 10,000 years) or 
that it is maintaining its high temperature via accretion. The 
lack of a supernova remnant suggests that the latter is the case, 
indicating that the system is a neutron star X-ray binary. The 
likely association between CXOU J173357. 5-220156 and the 
Uhuru source would indicate that 4U 1730-22 harbors a neu- 
tron star. The fact that no optical counterpart to the Chandra 
source is present to a limit of R > 22.1 is consistent with the 
source being an LMXB with K-type main sequence compan- 
ion at a distance greater than a few kpc. Deeper optical obser- 
vations would be useful for learning more about this system. 

The luminosity of the Chandra source that is the likely qui- 
escent counterpart to 4U 1730-22 of L = 1.9 x 10 33 ergs s" 1 
(assuming our estimated distance of 10 kpc) makes it one of 



the five most luminous of the 20 such systems for which mea- 
surements have been made. This is interesting in the context 
of the comparison between neutron star and black hole lumi- 
nosities as it is an example of a quiescent neutron star system 
that is significantly more luminous than the known black hole 
systems. In additio n, this luminosity is in the range where 
iJonker et alj d2004f) find that most neutron star SXTs have 
purely thermal spectra as we observe in this case. Finally, a 
relatively high level of X-ray outburst activity from 4U 1730- 
22 is required to maintain the measured quiescent luminosity. 
The system either needs to produce outbursts like its 1972 
outburst every ^30 years or it had a higher level of activity at 
some point in the last ~10,000 years. 
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Table 1 

Detected Chandra Sources and Optical Identifications 
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oa 
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— 




A 
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— 
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— 
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— 




7 


i / 34 uo .y / 


o^on(V i nit o 
—11 00 1 / .2 


24.9 
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n 
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17 33 55 .yi 


ooo n i I ihII a 
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0".58 
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1 n# 

iy 
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10.0 


0".20 
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on 
20 
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"One of the 13 sources in the 90% confidence Uhuru error region or within 30" of the error region. Source 1 is CXOU J173357.5-220156, and source 2 is 
CXOU J173358.1-220101. 



Table 2 
Spectral Fits 



Model 


N H " 


r 




io g r cff c 


AW* 


x> 


Source 1 


Pi 

NSA 
pl+NSA 


0.86*>£ 
0.37^ 


c 4+O.6 
•'•^-0.5 


7+11 
'-4 


6. 18 ±0.07 


(l.o^) x ur 8 


11.5/15 
11.5/15 
10.5/13 


Source 2 


Pi 

NSA 


7 +0 5 

u - '-0.3 

3 +0 4 
"••'-0.2 


2 1 +L2 


4+to 


6.7-7.() e 


(4.5-300) xlO- 13 


12.4/5 
16.7/5 


pl+NSA 


2 2 +2A 
z - -1.5 


1.6+};° 


0-03^5 


5 6+ 07 

J - -0.2 


(U28,448+f~)xl0-i° 


4.7/3 



"The column density in units of 10 cm . 

*Unabsorbed 0.3-8 keV power-law flux in units of 10~ 12 ergs ctrT 2 s~' . 
c The base-10 logarithm of the neutron star's effective temperature in K. 

d The normalization for the NSA model, which is equal to d 2 where d is the distance to the source in pc. 
f A range is given here because the model is not valid for values of log 7 e ff above 7.0. 



